versatile approach to quantum simulation with artificial lattices holds promises of revealing unexpected quantum phases of matter.
In a visionary colloquium nearly sixty years ago, Feynman proposed to construct so-called quantum simulators -systems that can be engineered and manipulated at will -with the aim of verifying model Hamiltonians and understanding more complex or elusive quantum systems 1,2 . It took forty years for the field to properly take off, with the simulation of the Bose-Hubbard model and the superfluid/Mott-insulator transition in a two-dimensional (2D) optical lattice loaded with 87 Rb atoms 3 . Since then, triangular, honeycomb, Kagome and other types of optical lattices have been loaded with bosons and/or fermions, and many interesting quantum states of matter have been simulated 4 . Later, quantum simulators were realized also in, among others, trapped ion 5 and photonic systems 6 . On the other hand, progress on electronic quantum simulators was achieved only very recently. A few years ago, the first artificial electronic lattice was built by positioning CO molecules on a Cu (111) surface, confining the surface-state electrons to a honeycomb lattice 7 . The technique was inspired by the pioneering construction of quantum corrals using STM based manipulations of adatoms 8 . This was followed by other electronic and spin lattices constructed by atomic manipulation in the STM, such as atomic spin chains 9, 10 , the Lieb lattice with s-orbitals 11, 12 and p-orbitals 13 , the quasi-crystalline Penrose tiling 14 , and the Sierpiński gasket with a fractional dimension 15 .
Besides manipulating the geometry and the dimensionality, it would be desirable to engineer and control topological properties 16 in electronic quantum simulators. Topological insulators, superconductors, and semimetals have attracted enormous attention during the last decades, and their potential use in quantum computers has caused a frantic interest in these systems 17 . In their best known form, TIs are materials that are insulating in the finite triangular lattice, the corner sites are represented by a blue color, whereas the edge sites are indicated in yellow and the bulk sites in green. The Bloch Hamiltonian (without NNN-hopping) of this model reads
where k is the crystal momentum, and a 1 = (1, 0) and a 2,3 = (
) are the lattice vectors.
The full tight-binding Hamiltonian that describes the experimentally realized lattice is given in the SI. The bulk band structure is shown in Fig. 1b For the finite-size lattice, we distinguish two cases. If t a > t b , the lattice configuration is topologically trivial and if the values of the hopping amplitudes are switched, i.e. t a < t b , the lattice is topologically non-trivial. In the topological phase, the weakly coupled edge and corner sites are predicted to accommodate edge states and zero-energy corner modes 27,28 , respectively. The edge of the lattice is similar to a one-dimensional SSH model and exhibits gapped bands. In the gap of both the bulk and the edge, three symmetry-protected zeroenergy modes arise, which are localized at each of the corners of the lattice.
Usually, the protection of zero-energy topological states is possible in insulators or superconductors that exhibit a symmetric spectrum. In topological superconductors, the particle- Kagome lattice, however, is not a bipartite lattice, but consists of three sublattices A, B, and C (see unit cell in Fig. 1a ). This poses a conundrum because this lattice does exhibit higher-order zero-energy states at 60
• corners in the topological configuration, despite the absence of the chiral symmetry associated with bipartite lattices. The protection of these zero-energy corner states can be explained by a generalized chiral symmetry, which relies on the fact that the Kagome lattice is tripartite 26 (see SI).
Lattice realization. Now we turn to the experimental realization of the electronic dimer- the artificial-lattice sites and the NN hopping are indicated. Differential-conductance spectra were acquired above the bulk (green), edge (yellow) and corner (blue) artificial-lattice sites and normalized by the average spectrum taken on clean Cu(111) 7 . We first discuss the spectra acquired above the non-trivial lattice (see Fig. 1g , solid lines). The bulk spectrum (green) shows a peak around a bias voltage of V = −150 mV, which corresponds to the lowest bulk band, and a more pronounced peak around V = +200 mV, which can be assigned to the middle and top bulk band. The edge spectrum (yellow) exhibits two peaks, located around V = −20 mV and V = +200 mV, indicative of two edge modes. This resembles an SSH chain at the edge with two bands, of which the top band minimum and bottom band maximum are separated by 2(t b − t a ) (without orbital overlap). Around V = 0 mV, a minimum of the bulk and edge spectrum, the corner spectrum (blue) exhibits a maximum. We attribute this peak to a zero-energy mode localized at the corners. In contrast to the non-trivial lattice, the spectra of bulk, edge and corner sites of the trivial lattice are similar. (cf. Fig. 1h, solid lines) . These results indicate the presence of an electronic Wave-function maps.
In Fig. 2 , we investigate the spatial localization of the density of states at bias voltages corresponding to the peak positions in the differential-conductance spectra. Differentialconductance maps acquired above the non-trivial lattice (Figs. 2a-d ) are compared with tight-binding calculations (Figs. 2e-h ) and differential-conductance maps of the trivial lattice (Figs. 2i-l) . At V = −110 mV, the electrons are localized in the bulk of the non-trivial Kagome lattice. Next, at V = 5 meV, the contribution of the bottom edge band is visible.
At V = +50 mV, we observe the highest intensity at the weakly-connected corner sites, revealing the corner-localized zero modes. Finally, at V = 145 mV, all sites exhibit a similar LDOS, as expected from the spectra. These results are in agreement with the tight-binding simulations on the non-trivial lattice (Figs. 2e-h ). In contrast, the differential-conductance maps obtained above the trivial lattice show a homogeneous LDOS at all bias voltages.
In particular, the corner sites do not exhibit a higher intensity than the other sites at V = +50 mV. The shift of the electron probability from the center to the edges and then finally to the corner sites is only seen for the non-trivial lattice and fully corroborated by tight-binding and muffin-tin calculations (see SI).
Zero modes in the Kagome lattice.
The zero modes in the Kagome lattice are protected by the generalized chiral symmetry unperturbed (see Fig. 3b ). On the other hand, if we connect C-C neighbours by a hopping t 2 , thus locally breaking the chiral symmetry of the C sublattice, the zero mode in C loses protection, moves away from zero energy, and decays also in the A and B sublattices (see Fig. 3c ). The other zero modes, at the A and B corners of the lattice, nevertheless, remain unaffected. However, if the local perturbation in C is applied farther away from the corner mode, the disturbance is small (see Fig. 3d ). Note that the generalized chiral symmetry is not broken by the NNN hopping t nnn and the orbital overlap, that are present in the experiment (see SI). These results indicate that the generalized chiral symmetry connected to a tripartite system offers more protection to the zero modes than usual bipartite systems do.
Creating and removing zero modes.
Finally, we show several examples of how these zero modes can also be created and destroyed experimentally by introducing defects into the lattice (see Fig. 4 ). In the first defect realization, we remove the corner site at sublattice B (bottom-right corner) from the lattice by blocking the site with CO molecules (see Figs. 4a-d) . Hence, one of the zero modes is no longer present (see Fig. 4a ). The corner sites A and C are not affected by the defect, as shown in the differential-conductance map at V = +50 meV in Fig. 4d . The generalized chiral symmetry is preserved for these modes, as their sublattices remain unperturbed. In this way, by introducing a corner defect we remain with two zero modes. Second, we append a protrusion at one edge, hosting 120
• obtuse angles, breaking the C 3 symmetry of the lattice but preserving one of its mirror symmetries (see Figs. 4e-h ). We observe that the edge mode is disrupted around the positions where the edge no longer consists of only A and C sites (Fig. 4g) . On the other hand, the corner modes remain unaltered under this perturbation (see Fig. 4h ). This corroborates that, being a local symmetry, the generalized chiral symmetry offers a protection mechanism that is stronger than the one provided by crystalline symmetries: the zero-energy states persist even in the absence of crystalline symmetries.
Finally, a weakly-connected site is added, breaking the mirror symmetry of the entire lattice, but preserving the generalized chiral symmetry. Again, the three zero-energy modes at the corners are resilient. In addition, the added weakly-connected site at 60 • (blue) exhibits a fourth zero-energy mode at sublattice A, protected by the generalized chiral symmetry.
Hence, we show that it is possible to create and/or destroy zero-modes at will.
In fact, under the generalized chiral symmetry, zero modes exist whenever a site is only weakly connected to its neighbors (i.e. connected to other sites by hopping terms of amplitude t a , for t a < t b ), as happens in all the cases where zero modes exist in Fig. 4 . Only if two zero modes belonging to different sublattices are in close proximity they can hybridize to open a gap. If, on the other hand, zero modes belonging to the same sublattice are brought together, they will remain at zero energy. In this sense, the generalized chiral symmetry provides a protection mechanism analogous to the conventional chiral symmetry in bipartite lattices, although in this case the existence of three species of zero modes offers more versatility.
Conclusion and outlook
The Kagome lattice is known to be a fascinating system, mostly because it realizes geometric frustration and is conjectured to host the elusive spin-liquid phase. Here, we show that a dimerized electronic Kagome lattice brings even further surprises. Protected-zero modes arise at the corners of the lattice, thus realizing a HOTI with extreme robustness due to the tripartite character of the generalized chiral symmetry. By introducing different types of defects into the lattice, zero modes can be manipulated at will, and one can tune the system to have an even or odd number of corner modes. The large degree of control over artificial lattices provides unique opportunities to study electronic topological phases. Using the LDOS as a clear experimental observable, it is possible to detect symmetry-protected edge and corner modes not only at the Fermi energy, but all relevant energies of the model.
In addition, the protection mechanisms and robustness of topological phases can be probed by selectively breaking certain symmetries. This can be done either locally, for example via introduction of atomically well-defined defects breaking the crystalline symmetry, or globally, for example by applying a magnetic field. Furthermore, it will be possible to study the influence of disclinations. For topological crystalline insulators, the interplay of topologically protected edge modes and edge geometry can be probed. Electronic quantum simulators are thus complementary to photonic systems, which are designed in a much larger scale, and to the cold-atom setups, which offer great control but request nK temperatures for their operation. The progress in the realization of artificial electronic structures takes a step forward with the inclusion of topology among the parameters to be manipulated.
METHODS
Methods are available in the online version of the article.
Data availability
All data is available from the corresponding authors on reasonable request. The experimental data can be accessed using open-source tools.
METHODS Experiments
The scanning tunneling microscopy and spectroscopy experiments were performed in a Scienta Omicron LT-STM system operating in sample-bias mode at a temperature of 4.5 K and a base pressure in the 10 −11 mbar range. An atomically-flat Cu(111) surface was prepared by several cycles of Ar + sputtering and annealing and was cooled down in the STM head.
Carbon monoxide molecules were leaked into the chamber for 20 minutes at a pressure of 1 · 10 −8 mbar and adsorbed onto the cold surface. The Kagome lattices were assembled and characterized using a Cu-coated platinum-iridium tip, prepared by gentle contact with the Cu(111) surface. CO manipulations were carried out in feedback at V = 20 mV and I = 40 nA, following previously reported procedures [29] [30] [31] . STM images were obtained in constant-current mode. Differential-conductance spectra and maps were acquired in constant-height mode using a standard lock-in technique with a modulation amplitude of 10 mV r.m.s. at a frequency of 273 Hz.
Muffin-tin calculations
The muffin-tin model describes the surface-state electrons of the Cu(111) as a 2D electron gas confined between circular potential barriers (CO molecules) with a height of V = 0.9 eV and a radius R = 0.3 nm. The energy and wave functions for this model can be found by numerically solving the Schrödinger equation with this potential landscape. A broadening of Γ = 0.08 eV is included to account for bulk scattering.
Tight-binding calculations
The free electrons in the lattice act as if they are confined to certain artificial atom positions due to the placing of the CO-molecules. We can describe this behavior within a tight-binding model of connected s-orbitals. By making a fit to the experimental and muffin-tin spectra, we are able to determine the hopping parameters, the on-site energy and the orbital overlap. 
Protection mechanism
The protection of the zero modes is due to an extension of the chiral symmetry. The conventional chiral symmetry is expressed as
where, without loss of generality, one can choose a basis in which the chiral operator Γ is a diagonal matrix with entries +1 for one sublattice and of −1 for the other one. In the dimerized Kagome lattice, we have an odd number of lattice sites in the unit cell, and therefore the chiral symmetry does not hold. The concept, however, can be extended to a generalized version of the conventional chiral symmetry because the Kagome lattice is tripartite. The generalized chiral operator, Γ 3 , can now be chosen (by an appropiate choice of ordering in the Hamiltonian matrix) to be a diagonal 3 × 3 matrix with entries Γ 3 = Diag(1, e 2πi/3 , e −2πi/3 ) that differentiates three sublattices 26 . The generalized chiral symmetry is then written as
In the topological phase, three zero modes exist simultaneously, each of which localizes at one of the three sublattices (see SI). This generalized chiral symmetry does not result in spectral symmetry of the bulk bands. Consequently, bulk bands can also have zero energy, but when the bulk bands are degenerate with the zero modes (for 1/2 < t a /t b < 1) they do not mix with the localized corner zero modes. More details on the protecting symmetry and symmetry-breaking perturbations are given in the SI.
